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Preface

The Ensemble Verification System (EVS) is an experimental prototype developed at
OHD for verifying ensemble forecasts of hydrologic and hydrometeorological
variables, such as temperature, precipitation, streamflow and stage. It is intended for
use by forecasters at the River Forecast Centers (RFC), researchers and developers at
OHD, and collaborators elsewhere. EVS is intended to be flexible, modular and open
to accommodate enhancements and additions not only by its developers but also by its
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development of EVS toward a versatile and easy-to-use operational ensemble
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1. INTRODUCTION

The National Oceanic and Atmospheric Administration’s (NOAA’s) National Weather
Service (NWS) requires systematic verification of hydrologic and hydrometeorological
ensemble forecasts. This is necessary to generate reliable and skilful products.
Such verification and validation will help forecasters estimate the quality of
probabilistic forecasts according to lead times, forecast locations, and the ensemble
prediction systems in use. They will also help assess the usefulness of ensemble
products for end-users.

The Ensemble Verification System (EVS) aims to support the verification of
ensemble forecasts and hindcasts of hydrometeorological variables (e.g. precipitation
and temperature) and hydrological variables (e.g. streamflow). EVS is free software
and has been developed in a modular framework to allow enhancements and
additions by scientists, forecasters, and other users.



2. INSTALLATION AND START-UP

2.1 Requirements

In order to run EVS you will need:

1. The Java™ Runtime Environment (JRE) version 5.0 (1.5.0_12) or higher. You
can check your current version of Java by opening a command prompt and typing
java —version. If the command is not recognized, you do not have a version of
the JRE installed. Otherwise, if it is older than 1.5.0_12, you should update the

JRE. The JRE is free software and may be downloaded from the Sun website:

http://java.sun.com/javase/downloads/index.jsp

2. The EVS executable, EVS jar, and associated resources in EVS_1.0.zip;

3. Microsoft Windows 98/2000/NT/XP/Vista Operating System (OS) or Linux. In
addition, you will need:

— A minimum of 32MB of RAM and ~50MB of hard-disk space free.
— For many practical applications of EVS, involving verification of large datasets
more RAM may be required. A minimum of 512MB is recommended.

2.2 Unpacking and running EVS

Once you have obtained the EVS software, unpack the zipped archive to any
directory of your computer (e.g. C:/Program Files/EVS 1.0/) using, for
example, WinZip™ on Windows. Do not move the EVS.jar executable from the
existing directory structure: create a shortcut elsewhere if required.

There are two possible ways of running EVS, namely: 1) by opening the Graphical
User Interface (GUI); and 2) by executing EVS from the command line with a pre-
defined project.

Executing EVS with the GUI:

Once you have unpacked the software, you may run EVS by double-clicking on
“‘EVS.jar” in Windows or by navigating to the root directory and typing “java —jar
EVS.jar” at a command prompt.



Executing EVS without the GUI:

In order to execute EVS without the GUI, you must have one or more pre-defined
projects with valid verification units (and possibly aggregation units) stored inside
them. EVS projects are defined in XML (see Appendix A2) and may be created with
or without the GUI. For example, a base project may be created with the GUI and
then perturbed with a script outside of the GUI (e.g. changing the verification unit
name, input and output data sources). Each perturbation can then be executed from
a script without invoking the GUI. One or more projects may be invoked from a
command prompt by typing:

java -jar EVS.jar project l.evs

where project 1.evs is an EVS project (the project need not be located in the
root directory, but should be referenced by its full path otherwise). The list may be
extended by adding projects with a space between each project. By default, the
graphical and numerical results are written to the output directories specified in the
projects. The numerical results are written in XML format and the graphical results
are written as jpeg images.

2.3 Troubleshooting the installation

List of typical problems and actions:

“Nothing happens when executing EVS.jar”
Ensure that the Java Runtime Environment (JRE) is installed on your machine and is
in your PATH. The JRE should be version 5.0 (1.5.0_12) or higher. To check that a
suitable version of the JRE is installed and in your PATH, open a command prompt
and type:

java -version

If the command is not recognised, the JRE is not installed and in your PATH. If the
version is below 5.0 (1.5.0_12) update the JRE (see above).

If this does not help, check the root directory of your installation for a log file named
“evs.log”. If the first line of the log file is:

com/incors/plaf/alloy/AlloyLookAndFeel



then EVS has been unable to load the resources required for proper execution of the
software. Check that “EVS.jar” has not been moved from the original installation
directory (i.e. that the internal structure of the archive “EVS_1.0.zip” is preserved).

Otherwise, send the error message to the authors for advice on how to proceed
(James.D.Brown@noaa.gov).

“An error message is thrown when executing EVS.jar”

If an error message is thrown by the JRE (i.e. a java error appears in the message),
the error may be caused by the local installation of Java.

2.4 Altering memory settings

By default, the amount of RAM memory available to EVS is restricted by the Java
Virtual Machine. In order to perform ensemble verification with large datasets, it may
be necessary to override this default and increase the amount of memory available.
This is achieved by executing EVS on the command line. Navigate to the installation
directory of EVS, and type:

start javaw -jar -Xms64m -Xmx500m EVS jar

where 64 (MB) is the minimum memory allocation in this example and 500 is the
maximum allocation. The maximum memory allocation should be significantly lower
than the total amount of RAM available on your machine, as other programs,
including the operating system, will require memory to run efficiently.

2.5 Source code and documentation

The Java source code for EVS can be found in the “src.zip” archive in the root
directory of your installation. The Application Programming Interface (API) is
described in the html documentation, which accompanies the software (/docs
directory).



3. OVERVIEW OF FUNCTIONALITY
3.1 Summary of functionality in EVS Version 1.0
The functionality currently supported by EVS includes:

e Pairing of observations (given in the observed file in datacard format) and
ensemble forecast values (given in the ensemble files in datacard format or CS
binary format) to perform verification for a given point; the observed and forecast
values may be in different time systems, the time offset between the two systems
being defined by the user;

o Computation of multiple verification statistics for different variables (precipitation,
temperature, or streamflow) at a single point. The statistics may be computed for
any number of lead days and forecast resolutions. The statistics currently
include:

- For deterministic verification using the ensemble mean: correlation
coefficient, mean error, and root mean squared error

- For probabilistic verification: Brier Score (BS); Continuous Ranked
Probability Score (CRPS); Mean Capture Rate diagram (MCR); Modified
box plots; Relative Operating Characteristic (ROC); Reliability diagram;
and Talagrand diagram (rank histogram).

o Conditional verification based on: 1) a restricted set of dates (e.g. months, days,
weeks, or some combination of these); 2) a restricted set of observed or forecast
values (e.g. ensemble mean exceeding some threshold, maximum observed
values within a 90 day window). Values may be specified in units of (observed)
probability or in real values, such as flood stage.

e Pooling or ‘aggregation’ of observed-forecast pairs from a group of points with
common verification parameters; the aggregate statistics are computed from the

pooled pairs;

e Generation of graphics and numerical products, which may be written to file in
various formats (e.g. jpeg files), plotted within EVS or both.

3.2 Planned functionality

The additional functionalities planned for future versions of EVS includes, in no
particular order:



Compute measures of uncertainty, such as confidence intervals, for the
verification statistics. In order to present these in meaningful ways, it should be
possible to answer questions such as ‘Can | apply conditions X and Y to my
verification dataset, and still have confidence Z in the results?’ Here, conditions
X and Y might involve the selection of forecasts where flow exceeds a given
level, or for winter months only;

Additional options for generating verification products, such as plots.

Functionality for verifying joint distributions; that is, maintaining the relationships
between points in space and time (e.g. to verify errors in the timing of a discharge
event or in the reproduction of spatial patterns).

Ability to compute metrics for arbitrary reference forecasts, such as climatology,
persistence or raw model output (e.g. before data assimilation or manual
adjustment), and derive measures of skill based on arbitrary skill functions (e.g.
ratio of one metric over another).

Development of a batch language to support generation of verification products
without running the GUI. For example, it should be possible to create a template
point and apply this to a wider group of forecast points, changing only the
observed and forecast data sources via a batch processor.

To fully integrate EVS within the Experimental Ensemble Forecasting System
(XEFS), which is currently being developed at NOAA. The XEFS will comprise a
coordinate suite of tools for end-to-end probabilistic forecasting of hydrological
and hydro-meteorological variables. Capabilities will include the generation of
model inputs, updating of model state variables and parameters, verification of
outputs, and generation of ensemble products for end-users.



4. GETTING STARTED

4.1 Performing ensemble verification with EVS

Performing ensemble verification with EVS is separated into three stages, namely:

1. VERIFICATION: Defining one or more ‘verification units’, where each unit currently
comprises a time series of a single variable at one point (e.g. a river segment),
together with the verification statistics to compute;

2. AGGREGATION: Defining one or more ‘aggregation units’, where each unit
comprises one or more verification units whose data will be pooled;

3. OUTPUT: Generation of products, such as numerical results and plots of statistics
from verification and/or aggregation;

These stages are separated into ‘panels’ in the user interface. To begin with, a
verification study with EVS may involve linearly navigating through these panels
using the “Next” and “Back” buttons. After one or more verification or aggregation
units have been defined and saved, the route of entry into the software may vary.
For example, it might involve modifying and saving an existing unit for later use or
generating new plots of existing statistics.

4.2 Administrative functions

The opening window of EVS, together with the Taskbar, is shown in figure 1. The
opening window displays the verification units loaded into the software. The Taskbar
is visible throughout the operation of EVS and is used for administrative tasks, such
as creating, opening, closing and saving a project. The Taskbar options are listed in
table 1. Shortcuts are provided on the Taskbar for some common operations, but all
operations are otherwise accessible through the dropdown lists.
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Figure 1: The opening window of EVS

Current verification units

Basic properties of selected unit

0 Ensemble ion System (EVS) [Project 'EVS_abrfc_flow_test1] Lalcukd|
File Help
Verification | output |
Verification unit Basic properties of verification unit 'QUAO2PQ.QUAOZ.Streamflow.f1'
Unigud identifier \ | Identifiers (right click for defaults)

QUAO2PR.QUADZ Hreamfow.fl 1= River segment identifier Enviranmental variable ifentifier

aUA02PQ.QUAC 2 @kamiow 2 [auaozea | [streamfion |
Time-series identifier Additional identifier (#tmna\)
‘QLMOZ‘ ‘ ‘fl / ‘
Inpuldata
Files ar Yolder containing forecast data Forecast time system
‘\EVS,Qu»&z\Q,anstm,chma(n\ngy\QuAOZPQ‘QUAOZ‘QINE‘DE‘VS‘ZDDSIZZI‘ | ‘UTC - 6 hours E‘
File cnnta\m\uhserved data Observed time system
‘S:\DHD—l\HEP\nS,VV\EVS,QUAOZ\QQESJ’VS\QUAOZPQ-QUROZ‘Q[NE.DE.OES ‘ | ‘UTC - 6 hours B‘
it uh&rved et imats e [ontanal] iy S i
‘ | [ ] [ceordinated universal Tim... [+]

[ more |
Verification window
start of verification period (in fokecast time system) Forecast lead period
fron SR N R | | o [+]
End of verification peried (in forecas\\me system) Aggregation period [optional]
= | & EO | =]
L [Cwore
Output data
Folder for output statistics
510HD-1\HEPIENS_VWIEVS_PRE_RELEASE_SEP_07Nutout_tests ‘ |
‘ Add H Delete H GCopy H Save ‘ /‘ Hext

Table 1: Menu items

\

Navigation

Menu Function

Use

New project

Creates a new project

Open project

Opens a project file (*.evs)

Close project
File

Closes a project

Save project

Updates or creates a project file (*.evs)

Save project as

Updates or creates a named project file (*.evs)

Exit

Exits EVS

Messages on/off

Displays/hides tool tips

Help | Console

Shows the details of errors thrown

About

Credits
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4.3 Creating projects

All work within EVS (including user interface settings) can be saved to a project file
with the .evs extension. A new project is created with the New project option under
the File dialog. An existing project is saved using the Save or Save As... options.
These options are also available on the Taskbar. Project files are stored in XML
format and may be opened in an Internet browser or text editor. An example is given
below:

& §:10HD-1\HEPAEns_VVAEVS_PRE_RELEASE SEP_O7\Sample_data\EVS_HMOS\hmos_test.evs - Windows Internet Explorer I.i”ﬁlgl
:/ Lo Jad \ﬁ SA0OHD-1\HEP\Ens_WWiEVS_PRE_RELEASE_SEP_07\Sample_datalEwS_HMOS|hmos_test.evs V || X ' 1 2~
Google |G+ viGoog) @D v 1% Bookmarksv @17 blocked | " check v - | Sendtow () Settings=
& i’_éS:\OHD—1\HEF\Enst\EVSj—‘REj{ELEASEjEPfD?\S.‘. [ %o Bl deh v [rRage - GiTook v
-~

<?xml version="1.0" standalone="yes" 7=
- <verification>
- «verification_units>
- <identifiers>
<river_segment>QUAD2</river_segment:
<time_series>=QUAD2</time_series»
<environmental_variable »Streamflow </environmental_variable =
<additional_id=f1 </additional_id>
</identifiers=
- <input_data>
- =forecast_data_location>
<file >8:\OHD- 1\HEP\Ens_VV\EVS_PRE_RELEASE_SEP_07\Sample_data\EVS_HMOS\Data</fila=
«fforecast_data_location>
<observed_data_location>8:\OHD-1\HEP\Ens_VV\EVS_PRE_RELEASE_SEP_07
\Sample_data\EVS_HMOS\0BS\QUAO2ESP.QUAO2ESP.QINE.0D6.0BS</observed_data_location=
<forecast_time_system=UTC - 12 hours</forecast_time_system:=
<observed_time_system>UTC + 12 hours</obssrved_time_system>
<climatology_time_system>Coordinated Universal Time (UTC) </climatology_time_system=
- <forecast_support=
<statistic>INSTANTANEQUS </statistic>
<attribute_units >METRE CUBED/SECOND </attribute_units=
<notes /=
</forecast_support:>
- <observed_support>
<statistic >-INSTANTANEOUS</statistic >
<attribute_units >METRE CUBED/SECOND =/attribute_units=
<notes />
«</observed_support>
</input_dataz=
- everification_window =
- «start_date>
<year>1998</year>
<month=6</month=
«<day>1l</day>
</start datex S bt

Done

% Local intranet F o0 -

4.4 A step-by-step guide to the windows in EVS

Verification: window 1

The first stage of ensemble verification requires one or more ‘verification units’ to be
defined (figure 1). In this context, a verification unit (VU) comprises a time-series of a
single variable at one point, hereafter assumed to be a river segment. A VU is
uniquely identified by these three attributes, which must be entered in the first
window, and are then displayed in the table and identifiers panel. A new VU may be
added to the current project by clicking “Add” in the bottom left corner of the window
(figure 1). This adds a VU with some default values for the identifiers. On entering
multiple VUs, the basic properties of the selected VU (i.e. the item highlighted in the
table) will be shown in the panels on the right. Existing units may be deleted or
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copied by selecting an existing unit in the table and clicking “delete” or “copy”,
respectively. On copying a unit, all of the properties of the unit are copied except the
identifiers, which must be unique. This provides a convenient way to specify multiple
units with the same verification properties (multiple segments to be verified for the
same variable with the same temporal parameters).

The VU is defined by four different dialogs: Identifiers, Input data, Verification
window, and Output data.

Identifiers dialog:

- River segment identifier: segment ID (referred to as segment_id);

- Time series identifier: time series ID (referred to as time_series_id);
- Environmental variable identifier: e.g. precipitation, temperature, streamflow;
- Additional identifier: allows, for example, identification of a forecast system;

The names of the river segment and time-series are unrestricted (aside from a blank
name or a name containing the illegal character ‘.’ used to separate the identifiers).
The default names for the environmental variable are provided by right-clicking on
the variable identifier box.

Input data dialog:

- Files or folder containing forecast data: path to the folder containing the
ensemble forecasts (all files will be read from this directory), or a file array
chosen through the associated file dialog;

- File containing observed data: path to concurrent observations of that
variable, which are used to verify the forecasts;

- File containing observed data for climatology: option to load a separate file
from which to determine climatology;

- Time systems: the time systems for the observations, forecasts and
climatological data. The time systems of the forecasts and observations are
required for pairing these data (on the basis of time);

The paths may be entered manually or by clicking on the adjacent button, which
opens a file dialog.

When conducting verification for the first time, the observations and forecasts are
paired. These pairs are used to compute the differences between the observed and
forecast values (i.e. the forecast ‘errors’) at concurrent times. For subsequent work
with the same unit, no pairing is necessary unless some of the input parameters have
changed (e.g. the verification window). The paired data are stored in XML format,

13



which may be opened in an Internet browser or text editor. Each forecast-
observation pair is stored with a date in UTC (year, month, day, and hour), the
forecast lead time in hours, the observation, and the corresponding forecast
ensemble members. A detailed explanation is also provided in the paired file header.
An example of a paired file is given below:

(= C:\Documents and Settings\brownj\Desktop\QUA0Z.QUAD2.5treamflow. f1_pairs.xml - Windows Internet Explorer

C S T i C:\Documents and SettingsibrawnilDeskiopiQUADZ.QUADZ. Streamflaw.F1_pairs.xml M| ) [ X | 2~
Google |G~ v Gooid D EE - | ¥ Bookmarkse Ei7blocked | W Check v - | Sendtow (@ settings=
[ = = z g = »
8 & | @ Cipocuments and Settingsibrowni|Desktop|QUADZ. .. | - B - = v |rPage - {5 Took -

marn

- <pairs>
- <pr>
- =dt
<y>1999</y>
<m=6</m=
<d=1</ds
<h=18</h=
<fdt>
<ld_h>102.0</1d_h=
<0b>13449.97</ob>
«fc=3106.948, 9378.45703, 20258.25977, 7929.00488, 4997.75586, 2535.74194, 7736.25293, 13725.73047,
3521.66797, 1956.09998, 9942.40527, 9559.73535, 3834.20703, 10019.98047, 3650.64404, 2731.36597, 5006.4209,
4037.27012, 5452.54102, 4528.14697, 9475.88477, 5996.68994, 9881.24216, 8294.44521, 16825.09961,
18767.25977, 6890.79199, 5913.45898, 8950.83887, 3876.41309, 2287.448, 3644.17798, 7358.89111, 3175.77588,
5993.58398, 3276.49707, 10810.82031, 16942.7793, 8011.59521, 6654.34082, 6238.52295, 2551.11011, 10188.0,
4339.06201, 4994.68604, 5768.00977, 4756.74805, 3732.62598, 14000.91016, 8973.67578, 4142.79297, 3669.7019,
8054.18604, 6549.02783, 8136.84814, 4180.67822, 8784.56152, 28008.33984, 14996.83984, 5252.6001, 2662.1001,
5097.60986, 4073.31592, 8037.46094, 4771.79492, 13735.87988, 2771.42505, 6885.33887, 7231.37598, 6632.12891,
26160.74023, 4207.9082, 13720.78027, 5913.125, 5242.03711, 15158.84961, 8365.58203, 6884.35791, 3847.06592,
3811.11304, 5282.01709, 3999.26001, 11622.90039, 4921.96094, 10986.94043, 4919.59521, 15169.73047,
4916.73389, 2853.12305, 2859.1311, 1007.98999, 6206.88184, 8983.40625, 2181.23193, 5442.18799, 11074.83008,
5014.93018, 12885.33008, 15578.99023, 5985.125</fc=
<in_h=258570</in_hx>
<fpr>
- <pr>
- edt>
. <v>1999</v> = ..__ = -
Dane 4 My Computer RN

Throughout EVS, default options are presented immediately to the user. In some
cases, additional (‘advanced’) options are presented in sub-windows, accessible
through the main windows. For example, the “More” button within the Input data
dialog opens a window for entering information about the scales at which the
forecasts and observations are defined, among other things. Scale information
includes the units of measurement (e.g. cubic feet/second) and temporal support at
which the forecasts and observations are recorded (e.g. instantaneous vs. time-
averaged). The forecasts and observations must be defined at equivalent scales for
a meaningful comparison between them. By default, the scales are assumed to be
equivalent. However, in the absence of user-defined information, a warning
message will be presented on conducting verification. This warning message is
avoided if the scale information is entered explicitly. An example of the ‘Additional
options’ dialog is given in figure 2. In addition to the scale of the forecasts and
observations, the identifier for ‘null’ or missing values can be changed (i.e. values
ignored during all processing, including metric calculation). By default, the null value
is -999.

14



Figure 2: The Additional options dialog, accessed from the first verification window

Additional options £l
Forecast scale Obsered scale Null data values |
Enter scale information for the forecasts
Yariable | Walue

Temporal statistic INSTANTANEOUS

Feriod of agaregation HOT REQUIRED

Temporal units HOT REGUIRED

Attribute units FEET CUBEDVSECOND

MNotes
| Reset | | Cancel | | et |

Verification window:

Start of verification period (in forecast time system): the start date for
verification purposes. This may occur before or after the period for which
data are available. Missing periods will be ignored. The verification period
should respect the forecast time system, in case it differs from the observed
time system. The start date may be entered manually or via a calendar utility
accessed through the adjacent button;

End of verification period (in forecast time system): as above, but defines the
last date to consider;

Forecast lead period: at each forecast time, a prediction is made for a period
into the future. This period is referred to as the forecast lead period. For
example, if the forecasts are issued every 6 hours and extend 14 days into
the future, the forecast lead period is 14 days. The forecast lead period may
be used to narrow the range of forecasts considered (e.g. only the first 5 lead
days when the forecasts are available for 90 lead days).

Aggregation period: when evaluating long-term ensembles (e.g. with a 1 year
lead period), verification results may be confused by short-term variability,
which is not relevant for the types of decisions that inform long-term
forecasts, such as water availability in a reservoir. Aggregation of the
forecasts and observations allows short-term variability to be removed by
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averaging over the period that does matter for decision making purposes. For
example, daily forecasts may be aggregated into 90-day averages (assuming
the forecast lead period is at least 90 days).

The verification window may be refined using conditions on the dates and sizes of
the observed or forecast values considered. These ‘advanced’ options are accessed
through the “More” button in the Verification window. For example, verification may
be restricted to ‘winter months’ within the overall verification period, or may be limited
to forecasts whose ensemble mean is below a given threshold (e.g. zero degrees for
temperature forecasts). When conditioning on variable value, conditions may be built
for the current unit (selected in the main verification window) using the values of
another variable (e.g. select streamflow when precipitation is non-zero), providing the
variables have the same prediction dates and intervals. Such conditioning may be
relatively simple or arbitrarily complex depending on how many conditions are
imposed simultaneously. However, there is a trade-off between the specificity of a
verification study, which is increased by conditioning, and the number of samples
available to compute the verification statistics, which is reduced by conditioning (i.e.
sampling uncertainty is increased). The dialog for conditioning on date and variable
value is shown in figures 3a and 3b, respectively.

Figure 3a: Dialog for refining verification window: conditioning with dates

Categories for refining dates considered Consider only ‘winter’ months
Refine verification window X |
Date condition [ Yalue condition Other options |
select a cateqgory to refine Refine selected category
Date category | Date element | Include? |
Months ofyear January [
Weeks of year Fehruary [
Days of week @ March ® O
April |
IE O
June O
July O
August O
September O
Octoher O
Movember [
Decermber |
| Reset | | Delete | | Cancel | | et | | 0K |
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Figure 3b: Dialog for refining verification window: conditioning with variable value

Variables available for conditioning Forecast ensemble mean <0

Date condition e condition Cther options
1. Select a dataset to| condition on 2. Specify the condition for|selecting pairs
Identifier | Type | Apply a condition to:
Mewport Mewport Tempefature Forecast
EMSEMBLE MEAM E
Mewport Mewport Tempefature Chszerved
Apply to consecutive time periofls? (blank = individual times)
* | | ]
Apply a threshold? (AND assumed for = 1 threshald)
@ Less than 0 ‘
() Less than or equal to | |
O Greater than ‘ ‘
) Greater than ar equal to ‘ ‘
| hdore | l Reset ] l Delete ] l Cancel ] l Back ] l et ] l 0K ]

Figure 3c: Dialog for refining verification window: other options

Date condition [ Yalue condition ] Other options

1. Other options

Temporal aggregation function:

||mean " A

maximum
mean
minimum
total

Cancel Back 0K
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Additional refinement options are available in the “Other options” section of the
refinement dialog. Currently, there is only one additional option, which allows the
temporal aggregation function to be defined. By default, aggregations requested in
the main verification window involve a mean average over the specified period. This
may be changed to a total (i.e. accumulation), minimum or maximum value (figure
3c).

Output data:
- Folder for output statistics: path to the folder for writing the paired files and

the verification output data generated by the system, if written output is
requested (see below).

Verification: window 2

The second window in the Verification pane (figure 4) is accessed by clicking “Next’
from the first window (figure 1).

On selecting a given statistic in the table, information about that statistic is provided
in the top right dialog, and the parameters of the statistic are displayed for
entering/editing in the bottom-left panel. A statistic is included, and its parameter
values are enabled for editing, by checking the box adjacent to the statistic in the top
left table. The parameters of each metric are listed in table 2.

Many of the ensemble statistics have thresholds, which are used to compare the
observed values and the forecast values. These thresholds define a subset of data
from which the metric is calculated. Most of the metrics can be computed from all
data, as well as subsets of data defined by the thresholds. However, some metrics,
such as the reliability diagram, relative operating characteristic and Brier score,
require one or more thresholds to be defined, and cannot be computed from all data.
For these metrics, the thresholds represent cutoff values within the observed
probability distribution from which discrete events are computed. By default, the
thresholds refer to exceedence probabilities (i.e. all data > than the threshold) within
the observed probability distribution and must, therefore, vary between 0-1. For
example, a threshold of 0.2 would select all data whose observations lie above a
probability of 0.2 in the observed probability distribution. The thresholds may be
modified by entering new values into the table or by deleting thresholds and adding
new ones. The types of thresholds may be modified via the “More” button, which
displays an advanced options dialog. For example, the thresholds may be changed
to real-values, rather than probabilities (e.g. Flood Stage) and the logical condition
can be changed to non-exceedence, among others (see below also).
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After modifying the verification statistics and their parameters, the new information is
saved to the current unit by clicking “Save”.

Figure 4: The second window in the Verification pane

Table of statistics to compute Explanation of the selected statistic

| Ensemble Verification System (EVS) [Project "Newport_temps'] / 2o]x||
File Help
Verification | Aggregation Output
verification metrics to compute
Metrics to compute Explanation of metric "Reliability diagram®
Name |__Propertyveriied [ include? | || |[RELIABILITY DIAGRAM B
Carrelation coeffitient Ensermble mean e
The reliability diagram measures the acouracy (or bigk) of the farecast probabilities. Accarding
Mcanenor ELEEEIEE to the reliability diagram, the probability with which i “event is forecast should match the
Root mean squared error Ensermble mean probability with which it is observed, for all possibld events. This is 2 sufficient condition for
Unbiasedness of the forecast probabilities, and implies that the marginal distributions are
Brier store Ensemble distribution “ also identical. For continuous numerical variables fone or more events may be defined using
\iean continuous ranked probabiliy score Ensemble distribution probabilities of exceedence. In other words, a pybbability of 0.9 will produce a reliability
diagram for the top 10th percentile of forecast gvents. The Reliability diagram plots the
Iean capture rate diagram Ensemble distribution ] forecast probabilities on the x-axis against thef{conditional) ohserved probabilities for a
Modified box plot pooled by lead time Ensemble distribulion single forecast event on the y axis
Relative operating characteristic Ensemble distribution In order to compute the reliability diagram, a dichotomous event must be defined, such as v >
e —— A B t, where tis a flood threshold. The forecasts are then grouped inta n bins that exhaust the
o unit interval according to Prob[¥>t], each containing m forecast-observation pairs, The
Cumulative Talagrand diagram Ensemble distribution average probability within each bin is used as the plotting position on the x axis. Thus, for
one bin we have:
1=
— 3 Prob[¥; »1]
[ m iy
The number of forecasts within each bin, m, is referred to the sharpness of the forecasts and
is typically displayed as 3 histogram for all n bins alongside the reliability diagram, since a
forecast may be very reliable without being sharp (e.g. cimatology). Within each bin, the
[=] ||fraction of abservations that meet the conditian is then camputed. Thus, for ane bin we have: [
Parameters of metric "Reliability diagram®
Edit thresholds [optional]
Threshold values
00
0.1
0.2
0.3
0.4
0.5
0.6
o7
‘ Adidl |
| more
| sae || mun | | mack || fuea |

In addition to the metrics shown in the second window of the Verification pane (figure
4), other verification metrics may be available for research purposes via commands
added to the evs project file (see Appendix A1). These metrics are not fully
supported and are subject to change, including removal at the discretion of the
software developers.

Depending on the selected verification metric, there may be some additional,
advanced, parameters that can be altered. These parameters are available through
the “More” button, which will become enabled if more parameters are available. For
example, when computing ensemble metrics using probability thresholds, the
thresholds may be treated as non-exceedence (<, <=) or exceedence probabilities (>,
>=), which may be useful for exploring low- versus high-flow conditions, respectively
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(figure 5). The parameter options for each metric are summarized in table 2. A
‘basic’ parameter is accessed through the main window in EVS, while an ‘advanced’
parameter is accessed through the “More” button (as in figure 5).

Figure 5: Advanced parameter options for a selected metric (reliability in this case)

Options for Beliability diagrarm L

[lignore all conditions on variable value for this metric,
[Juse a constant sample count in each bin.

[#] Threshold values are {observed) probabilities.

Logical condition for event threshold:

Greater than (=) E”

| Cancel || OK |

Table 2: Parameters for each verification metric

Metric Parameter (and type) Meaning

Produces the metric for each subset of data
specified by the threshold. Thresholds always
Mean error Thresholds (basic) refer to the observations. By default, they refer
to exceedence probabilities from the observed
distribution (i.e. climatology).

Any conditions on the observed or forecast

Ignore conditions on values used to subset pairs (an advanced option
variable value (advanced) | in the first Verification window) will be ignored for
this metric.
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Threshold values are
observed probabilities
(advanced)

If this parameter is true (checked; the default
option), the threshold parameter (above) will
refer to probabilities in the observed probability
distribution. For example, a threshold value of
0.2 would select pairs in relation to the real value
corresponding to probability 0.2 in the observed
probability distribution. The form of the
relationship will depend on the logical condition
for the threshold (below).

If this parameter is false (unchecked), the
thresholds are interpreted as real-values in
observed units (e.g. cubic feet per second).

Logical condition for event
threshold (advanced)

Changes the logical condition for any thresholds
used to subset data. For example, if the logical
condition is “greater than”, only those forecast -
observation pairs whose observed values are
greater than the threshold will be used.

Root Mean
Squared Error

Same as mean error.

Same as mean error.

Correlation

- Same as mean error. Same as mean error.
coefficient
Brier score Same as mean error. Same as mean error.

Mean Continuous
Ranked Probability
Score

Same as mean error.

Same as mean error.

Mean Capture Rate
Diagram.

Same as mean error.

Same as mean error.

Number of points in
diagram (advanced)

Sets the number of equally-spaced probability
values (from 0-1) for which the metric will be
computed and plotted.

Modified box plot
pooled by lead
time.

Ignore conditions on
variable value (advanced)

Same as parameter for mean error.

Number of points in
diagram (advanced).

Sets the number of equally-spaced probability
values (from 0-1) at which the boxes will be
computed and plotted. The middle thresholds
form the boxes and outer thresholds form the
whiskers.

Relative Operating
Characteristic

Same as Mean Capture
Rate Diagram.

Same as Mean Capture Rate Diagram.

Reliability Diagram

Ignore conditions on
variable value (advanced)

Same as parameter for mean error.
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Use a constant sample
count in each bin
(advanced).

If this parameter is false (unchecked; the default
option), the forecasts probability bins for which
the reliability values are computed will take a
fixed width in the range 0-1 depending on the
number of points requested for the diagram
(below).

If this parameter is true (checked), the forecast
probability bins for which the reliability values are
computed will vary in width such that each bin
captures the same number of forecasts.

Threshold values are
observed probabilities
(advanced).

Same as parameter for mean error.

Logical condition for event
threshold (advanced).

Same as parameter for mean error.

Number of points in
diagram (advanced).

Sets the number of probability bins (from 0-1) for
which the metric will be computed and plotted.
These bins may capture an equal sample count
(see above) or may be equally spaced.

Ignore conditions on
variable value
(advanced).

Same as parameter for mean error.

Threshold values are
observed probabilities
(advanced).

Same as parameter for mean error.

Center Talagrand
windows around forecast
median (advanced).

Talagrand diagram

If this parameter is false (unchecked; the default
option), the probability of an observation falling
within a forecast bin is determined for bins
separated by probabilities within the forecast
distribution. For example, if the parameter for
the ‘Number of points in the diagram’ (see
below) is 10, probabilities will be determined for
bins representing deciles of the forecast.

If this parameter is true (checked), probabilities
of the observation falling within a forecast bin will
be determined for symmetric forecast bins
defined with respect to the forecast median.

Logical condition for event
threshold (advanced).

Same as parameter for mean error.

Number of points in
diagram (advanced).

Defines the number of forecast bins for which
the probability of an observation falling within
that bin is determined.

All of the information necessary to verify the ensemble forecasts is now available,
and the verification may be executed by clicking “Run” for the current segment or
“All” to execute verification for all available segments. This may take several
minutes or longer, depending on the size of the datasets involved. If not already
available, the paired files are created (see above) and the selected metrics are then
computed for each unit. No products are displayed or written at this stage; instead
the numerical results are stored in memory, in preparation for generating these
products (see below).
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Aggregation: window 1

Alongside verification of ensemble forecasts from a single point, it is possible to
aggregate verification statistics across multiple river segments. This is achieved in
the first aggregation window (figure 6). Only those points for which aggregation is
possible will be displayed in the aggregation window (i.e. with common parameter
values). If no aggregation units (AUs) are displayed, no comparable VUs have been
defined. The properties of an AU may be viewed or edited by selecting the unit in the
table. Each AU is given a default identifier, which may be altered by the user.
Multiple AUs may be defined in one project to generate aggregate statistics on
various groups of river segments with common verification parameters. Aggregation
is achieved by simply pooling the pairs from multiple VUs and applying the statistics
to the pooled dataset.

Figure 6: The first window in the Aggregation pane

List of aggregation units Common parameters of the VUs in the AU
'm Ensemble Verification System (EVS) [Project ‘hmaos_jbfest] el
File Help

| & 53 0

Verfioation | Aagregtion | outout |

candidate aggregatign unit(s) Properties of 'HMOS_aggregation’

Unigue idedtifier ] Commen parameter values
HMOS_aggregation e

Aagregation unit identifier Aggregation of lead perind

‘HMOS,auureuatmn ‘ |NONE |

Enviranmental variable identifier Start of verification period (VYYY/MM/DD}
‘S"eamﬂuw ‘ |WBBB ‘ ‘6 | ‘1 ‘

Forecast lead period End of verification period ("rVY/MM/DD}

g ‘5 DAY ‘ |1nn1 ‘ ‘3 | ‘1 ‘

¥erification units to include in aggregation

List of units

Unigue identifier [ include? |
QUAD2 QUADZ Streamflow f1 ] =

QUADZ.QUIADZ Streamilow 12 )

Output data

Folder for aggregated statistics

SIOHD-1HEPIHMOSIEYS_1.0_beta\Resulls ‘ ‘ ‘

[oore | [see | [ 7 | oo | [ et |

Run the aggregation Candidate VUs for aggregation
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On selecting a particular AU, a list of candidate river segments appears under “River
segments to include in aggregation” and the common properties of those segments
appear under “Common parameter values”. Two or more river segments must be
selected to perform aggregation. The output folder in which the aggregated statistics
will be written appears under “Output data”. Currently, the output folder is fixed to the
same folder used for output of verification statistics. After defining one or more AUs,
aggregation is performed by clicking “Run.”

Editing of the VUs upon which one or more AUs is based will result in a warning
message and the option to either remove the edited VU from each of the AUs to

which it belongs or to cancel the edits.

Display: window 1

The display section of the EVS allows for plotting of the verification statistics from
one or more individual or aggregated verification units (i.e. one or more VUs and
AUs). The units available for plotting are shown in the top left table, with VUs colored
blue and AUs colored red (figure 7). On selecting a particular unit under “Units to
plot”, a list of metrics with available results appears in the right-hand table. On
selecting a particular unit, the bottom left table displays a list of lead times (in hours)
for which the metric results are available.

When verifying or aggregating the paired data, the sample from which statistics are
computed is generated by pooling pairs from equivalent lead times. Products may be
generated for some or all of these lead times, and will vary with the metric selected.
For example, in selecting 10 lead times for the modified box plot, it is possible to
produce one graphic with 10 boxes showing the (pooled) errors across those 10 lead
times. In contrast, for the reliability diagram, one graphic is produced for each lead
time, with reliability curves for all thresholds specified in each graphic. These
defaults may be extended in future. The units, products, and lead times and are
selected by checking the adjacent boxes in the last column of each table. In addition,
when the product and lead time tables are populated, right clicking on these tables
will provide additional options for rapid selection of multiple products and lead times.

Products are generated with default options by clicking “Run”. The default options
are to write the numerical results in XML format and the corresponding graphics in
png format to the given output folder. The file naming convention is
‘unit identifiers lead time.file extension’ for plots that comprise a
single lead time and ’'unit identifiers.file extension’ for the plots that
comprise multiple lead times and for the numerical results.
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Figure 7: The first window in the Output pane

List of units to for which results are available List of products/metrics available
0 Ensernble Verification System (EVS) [Project Vegas_temps_biasp'] GEIE|
File Help
/W 3 @
| verifieation | Aggregation Output
Output of results
units with results (verificdtion and aggregation units) Products for selected uni|
Name [ Unittype I] Produst | inouger | |
\Vegas Yegas Temperature Biafed_mean VERIFICATION =] |prier seore ] ol
egas vegas Temperature Biaged_spread VERIFIGATION Correlation coeficient O
Vegas_aggregation AGGREGATION Cumulalive Talagrand diaora [}
Mean capture rate diagram [m]
Mean continuous ranked probfbility scare a
g Mean eror [m]
Modified box plot pooled by lead time 0
Relalive operating characleristic 0
Reliability diagram a
Root mean sguared error O
5 =
Forecast lead times for selected product
Leadtime (hours} | includer |
6 )
12 5}
18 [cal
24 [ca]
30 [z}
36 5]
a2 [cal
* 18 5}
54 5}
60 [cal
66 [ca]
72 [z}
8 5]
84 [cal
-~ =
[ aun | [‘ongans | [Teae |[ s |

Lead times available

Change defaults

Generate products with default options

The default options for generating products are defined for each unit, and may be
edited by selecting the “Options” button (figure 8a/b). For example, the numerical
results and graphics may be plotted directly instead of, or in addition to, writing them.
The image parameters and file formats can also be modified. When plotting results
for multiple graphics in the internal viewer, a warning is given when more than five
graphics will be plotted (in case a mistake was made). A tabbed pane is used to
collect plots together for metrics that have one plot for each lead time (figure 9). For
rapid viewing, these plots may be animated by pressing the “Animate” button.
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Figure 8a: product writing options

firite Display

-Options for writing output

~Graphical output
[ wurite graphical autput
Qutput format:

JPEG file (*.jpo) EM

Options for selected output format:

“Mumerical output

[ rite numetrical autput

Cutput format:

‘}(MLT'IIE (*xrmly ﬂ

Image width {pixels): ‘800 ‘
Image height {pixels): ‘EDD ‘
Image guality (0.0-1.0): ‘1 o ‘

Figure 8b: product display options

Display

-Options for displaving output

~Graphical output

¥ Display graphical output

“Mumerical output

[ Display numerical autput

[Ccmree [ o] [ 5o |
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Figure 9: plot collection for a metric with one plot for each lead time

Chart collection by lead time for ‘Cumulative Talagrand diagram’ Ll

Cumulative Talagrand plot.
QUADZ2.QUAD2.Streamflow.f2 at lead hour 6.

Cumulative probahility

Frobahilistic position of ohservation in farecast distribution

X Fic=y

C.oe C.0s cic C.15 C.2e L.25 [ (5 L35 [HE 11 .45 51+ L.55 LBl L.E5 L.7e .75 cac Cas 18-+ .85 1.CC

Current lead time Animate lead times

When writing numerical outputs for metrics that are based on one or more thresholds
of the observations, such as the Brier Score, Relative Operating Characteristic and
Reliability diagram, information about these thresholds is written to an XML file with
the metadata.xml extension. Specifically, the probability thresholds are written
for each timestep, together with their values in real units (of the observations) and the
numbers of samples selected by those thresholds. An example is given in figure 10.
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Figure 10: example of a metadata file for metrics based on observed thresholds

Probability thresholds used at first lead time Real values of thresholds

{= C:\Documents and Settingsibrownj\Desktop\NCRFC_testigrdmS5.grdm5.Streamflow.Relative_operating c - Windows Internet Explorer |Z||E|E|

(S v !% C:\Documengs and Settings\hrownj\DesKtop\NCRFCftest\qrde‘grde.StreamFlow‘Relatwefoperatinqicha%cterist\cfm Vl 3| X | | 2~
Google [Gl- v|Gog D E v | 1% Bookmarksy Ei7blocked | S check v oy afolnt v I s Send tow (@ settings =
e |@c:\on(umantsa dSEttinqs\hmwnj\Dasktnp\NCRFCj..‘l 1 - B - = v |rPage - {5 Took -
/ -~
<?xml version="1.0" sfandalone="yes" 7> o
- <results> 5
. -
=
- <meta_data>
<thresholds_typef-false </thresholds_type=
<original_file_id =grdm5.grdm5.Streamflow.Relative_op#rating_characteristic_metadata.xml</criginal_fils_id>
</meta_data>
- =result>
<lead_hour>24</|lead_hour=
- «datax
<values>1.0, ’3 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2/ 0.1, 0.0</values>
<values=2520.0, 971.4, 552.2, 342.4, 296.2, 295, 61.2, 40.7, 20.2, 0.0, 0.0=</valuss>
<values>-999.0, ‘J, 5.0,7.0,10.0, 12.0, 14.0, 17.0, 19.0, 20.0, 20.0</values=
</datax
<fresult=
- «results>
<lead_hour>48</lead_hourx>
- =datax
<values=1.0, 0.9, p.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.0</values>
<values=1940.0, 903.7, 536.0, 337.2, 305.0, 215.0, 57.0, 37.8, 18.8, 0.0, D.0</values>
<values=-999.0, 3.0, 5.0, 7.0, 10.0, 12.0, 14.0, 17.0, 19.0, 20.0, 20.0</values=
i
Done 4 My Computer RN

Sample counts for each threshold
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APPENDIX A1 VERIFICATION STATISTICS COMPUTED IN EVS

EVS supports the following verification statistics:

e Deterministic error statistics for single-value forecasts, namely the ensemble
means: Mean Error, RMSE, Correlation Coefficient;

e Brier Score (BS);

o Mean Capture Rate Diagram;

e Mean Continuous Ranked Probability Score (CRPS);

¢ Modified box plots;

¢ Reliability diagram;

¢ Relative Operating Characteristics (ROC);

e Cumulative Talagrand diagram.

Below is a short description of each metric, which is also available in the GUI (see
figure 4).

Deterministic error statistics

Mean error

The mean error measures the average difference between a set of forecasts and
corresponding observations. Here, it measures the average difference between the
ensemble mean forecasts and observations.

The average error, E , of n pairs of ensemble mean forecasts, Y , and single-valued
observations, x, is given by:

— 1 no_
E= _Z(Yi - Xi)

n g
The mean error provides a measure of first-order bias in the forecasts, and may be
positive or negative.
Root Mean Squared Error (RMSE)
The Mean Squared Error (MSE) is the average squared forecasting error. The
RMSE provides the square root of this value, which has the same units as the
forecasts and observations (unlike the MSE). Here, the forecast is given by the

ensemble mean value and an 'error' represents the difference between the forecast
mean and the observation. For example, given two ensemble forecasts with mean
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values 23.6 and 24.5 and corresponding observations, 22.1 and 22.2, the RMSE is
given by:

=1.94

\/(23.6 —22.1)% +(24.5-22.2)>
2

The general equation for the RMSE of n pairs of ensemble mean forecasts, Y, and
single-valued observations, x, is given by:

Rl\/[S]E(x,?):\EZn:(?i -x;)’

The RMSE provides an indication of the ‘average deviation’ between the forecast
value (in this case, the ensemble mean) and an observation in forecast units. The
RMSE is always positive.

Correlation coefficient

The correlation coefficient measures the linear relationship between two variables.
Here, it measures the linear relationship between n pairs of ensemble mean
forecasts and corresponding observations. The maximum correlation coefficient is
1.0, which denotes a strong positive (linear) relationship between the forecasts and
observations, or -1.0, which denotes a strong negative (linear) relationship (i.e. the
observed values increase when the forecasts values decline and vice versa). It
should be noted that the forecasts and observations may be perfectly correlated yet
biased. In other words, a linear regression of the forecasts and observations would
have a non-zero intercept on the y-axis. The minimum correlation coefficient is 0.0,
which denotes no linear relationship between the forecasts and observations. It
should also be noted that a low correlation coefficient may occur in the presence of a
strong non-linear relationship, because the correlation coefficient measures linearity
only.

EVS computes the Pearson’s product-moment correlation coefficient, r, which is
given by:

e Cov(x,Y)

Sx 'S?

Where Cov(x,Y) is the sample covariance between the ensemble mean

forecasts,\_(l....\_(n, and observations, x4...x,. The sample standard deviations of the
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forecasts and observations are denoted s ands,, respectively. An unbiased

estimate of the sample covariance between n pairs of forecasts and

observations, Cov(x, Y), is given by:
1 _
Cov(x,Y) = P— DA, —x)(y — Y}
— 1=

Where p, and pg are the sample means of the forecasts and observations,
respectively. The sample mean of all the forecasts, u, should not be confused with

the ensemble mean of an individual forecast, Y, .

Brier Score (BS)

The BS measures the average squared error of a probability forecast. It is equivalent
to the mean squared error of a deterministic forecast, but the forecasts, and hence
error units, are given in probabilities. The Brier Score measures the error with which
a discrete event, such as ‘flooding’, is predicted. For continuous forecasts, such as
the amount of water flowing through a river, one or more discrete events must be
defined from the continuous forecasts. There are several ways in which an event
may be defined, depending on the verification problem. However, a complete picture
is only obtained by computing the BS for a representative range of events from the
full distribution of forecasts and observations. For an event that involves exceeding
some threshold, t, the Brier Score (or half Brier Score) is computed from n pairs of
forecasts and observations:

BS = 1 i {(Prob[Y, > t]—Prob[x, >t])*}
n g

Note that the observed probability is 0.0 if the event does not occur (x;<=t) or 1.0 if
the event does occur (x>t) at any given forecast time/location. A set of forecasts and
observations match exactly in terms of BS if the mean squared difference between
them is zero and hence BS=0.0.

Mean Capture Rate Diagram

A key aspect of forecast quality is the probability of making a given error in real
terms. The Probability Score (PS) of Wilson et al. (1999) is useful here because it
identifies the probability with which a given ‘acceptable error’ is met. The concept of
an ‘acceptable error’ is widely used in operational forecasting. The PS is defined for
a symmetric window or ‘acceptable error’, w, around the observation, x:
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PS(w)=F,(x+0.5w)—F,(x—0.5w) = x+'f}y(y)dy

x=0.5w

It conveys the extent to which an observation is captured by the forecast, where a
high capture rate implies greater forecast performance. The disadvantages of the PS
include its subjectivity and sensitivity to hedging (Brocker and Smith, 2007), whereby
the expected value of the PS is maximized for sharp forecasts. By averaging the PS
over a set of n ensemble forecasts and repeating for all possible windows, w, the
probability of achieving a given acceptable error can be determined, hereafter
referred to as the Mean Capture Rate (MCR):

MCR(w) = lZH:PS(W) = lZn:{FY(Xi +0.5w)—-F, (x, -0.5w)}
n

i=1 i=1

It should be noted that sensitivity to hedging does not apply to the MCR when
evaluated for all w, as the result is not a score. The resulting curve may be
separated into errors of over-prediction and under-prediction by computing the MCR
for ensemble members that exceed the observation and fall below the observation,
respectively. The MCR for 6-hourly forecasts of streamflow at the North Fork, CA,
USA, are shown below:

] Mean Capture Rate Curve pANx

Mean Capture Rate Curve for lead-day-1 streamflow forecasts from the North Fork Dam, CA

400 All events
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The forecasts were evaluated at lead day 1 for the period 10/02/2000 to 09/29/2003.
Deviations from the x-axis represent a declining capture rate; that is, an increasing
probability of exceeding a given error or an increasing error for a given probability of
capture. For example, there is a ~0.9 probability that a randomly selected ensemble
member will have a forecast error less than or equal to 25 cms.

Mean Continuous Ranked Probability Score (CRPS)

The CRPS summarizes the quality of a continuous probability forecast with a single
number (a score). It measures the integrated squared difference between the
cumulative distribution function (cdf) of a forecast, Fy(y) and the corresponding cdf of
the observations, Fx(x).

The CRPS for a single forecast and observation is given by:
CRPS = [[F, (y) - Fy (y)I dy

where Fy(y) is the cumulative probability distribution of the forecast and Fx(x) is a
step function that reaches probability 1.0 for values greater than or equal to the
observation, and has probability 0.0 elsewhere. In practice, the CRPS is averaged
across n pairs of forecasts and observations, which leads to the mean CRPS:

n ©

CRPS =3 [[Fy, ()~ Fy (DI dy

i=1 "o

The numerical value of the CRPS will vary with application and is difficult to interpret
in absolute terms (e.g. in terms of specific forecast errors). However, the CRPS has
some desirable mathematical properties, including its insensitivity to hedging (i.e. the
expected value of the score cannot be improved, a priori, by adopting a particular
forecasting strategy). Other scores, such as the Probability Score of Wilson et al.
(1999), may be hedged against (in this case by issuing sharper forecasts).

Modified box plots

Box plots (or box-and-whisker diagrams) provide a discrete representation of a
continuous empirical probability distribution (Tukey, 1977).

Building on this idea, an empirical pdf may be summarized with an arbitrary set of

percentile bins of which an arbitrary proportion may be shaded (e.g. the middle 60%),
to convey the outer and inner probability densities, respectively. The percentile bins
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are specified as probabilities in the probability threshold parameter box (e.g. 0.1
represents a percentile bin of 0-10%).

Reliability diagram

The reliability diagram measures the accuracy (or bias) of the forecast probabilities.
According to the reliability diagram, the probability with which an ‘event’ is forecast
should match the probability with which it is observed, for all possible events. This is
a sufficient condition for unbiasedness of the forecast probabilities, and implies that
the marginal distributions are also identical. For continuous numerical variables, one
or more events may be defined using probabilities of exceedence. In other words, a
probability of 0.9 will produce a reliability diagram for the top 10" percentile of
forecast events. The Reliability diagram plots the forecast probabilities on the x-axis
against the (conditional) observed probabilities for a single forecast event on the y
axis.

In order to compute the reliability diagram, a dichotomous event must be defined,
such as Y > t, where t is a flood threshold. The forecasts are then grouped into n
bins that exhaust the unit interval according to Prob[Y>t], each containing m forecast-
observation pairs. The average probability within each bin is used as the plotting
position on the x axis. Thus, for one bin we have:

lz Prob[Y, > t]
m

The number of forecasts within each bin, m, is referred to the sharpness of the
forecasts and is typically displayed as a histogram for all n bins alongside the
reliability diagram, since a forecast may be very reliable without being sharp (e.g.
climatology). Within each bin, the fraction of observations that meet the condition is
then computed. Thus, for one bin we have:

lil(xi >t)

m

where I(:) is the indicator function (i.e. has value 1 if the condition is met, 0

otherwise). If the forecast is perfectly reliable, the observed fraction within each bin
will equal the average of the forecast probabilities and the reliability diagram will
contain a diagonal line. Deviation from the diagonal line represents bias in the
forecast probabilities of a given event when the event is predicted with a given
probability. The reliability diagram may be computed for several events.

34



Relative Operating Characteristic

The Relative Operating Characteristic (also known as the Receiver Operating
Characteristic) measures the quality of a forecast for a dichotomous event that is
predicted to occur (e.g. rainfall or flooding). It does not consider the quality of
forecasts that predict no event (e.g. no rainfall or no flooding). The ROC diagram
plots:

- X-axis: the probability that an observation, x, does not exceed a real-valued
threshold, t, when it is forecast to exceed that threshold with a given probability,
p., (probability of false detection or false positive rate, POFD(t,p;)), repeated for
several probability thresholds. In this case, each probability threshold will
produce m forecast-observed pairs:

POFD(t,p,) = 1 i {Prob[x; <=t]|(Prob[Y; > t]>p,)}
m

i=1
Note that Prob[x; <=t]|(Prob[Y, > t]>p,) will assume the value 1 or 0.

- Y-axis: the probability that an observation, x, does exceed a real-valued
threshold, t, when it is forecast to exceed that threshold with a given probability,
p., (probability of detection or true positive rate, POD(t,p;)), repeated for the
same probability thresholds as used above:

POD(t,p,) = ii {Prob[x, > t]| (Prob[Y, > t]>p,)}
m

i=1
Note that Prob[x; > t]| (Prob[Y; > t]>p,) will assume the value 1 or 0.

These values are computed for probability thresholds that exhaust the unit interval,
which is normally defined by a number of plotting points, n.

For a forecast to perform well in terms of ROC, the probability of detection must be
high relative to the probability of false detection. A forecasting system that produces
random forecasts in line with climatological expectation will have as many successful
predictions of an event as unsuccessful ones. Hence, a skillful forecasting system will
always produce a ROC curve that lies above the diagonal line.
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Cumulative Talagrand diagram

A simple method for assessing the reliability of a set of ensemble forecasts is to
count the number of observations that fall within a particular region of the forecast
distribution. To be perfectly reliable, Fy(y) should always capture x, and x should fall
within any given probabilistic window, p,, of Fy(y) in proportion to the size of p,,. For
example, by defining py in relation to the forecast median and computing the
reliability, REL(p,), over m ensemble forecasts and corresponding observations we
have:

REL(p,,) = iZI(o.s —0.5p, <F,(x),<0.5+0.5p,)
m

i=1

where (") is the indicator function (i.e. has value 1 if the condition is met, 0
otherwise). The forecast is perfectly reliable, with respect to window p,,, if REL(py) =
pw- Anchoring the window to the center of the forecast distribution is sensible if the
tails are subject to large sampling uncertainties. By computing REL(p,) for an
exhaustive set of probability windows (e.g. deciles), the overall reliability of the
forecasts can be determined. This is analogous to the Talagrand diagram (rank
histogram, multi-category reliability diagram; Anderson, 1996; Hamill, 1997;
Talagrand, 1997), only defined with probability windows, p,, rather than ranked
ensemble members. It should be noted that REL(p,,) provides a weaker definition of
reliability than the conventional reliability diagram (Hsu and Murphy, 1986; Wilks,
1995), which tests the conditional probabilities, Fxy(x|y), for all possible events, vy.
However, it is easier to construct and interpret, and experience points to a good
correlation between the two.

Research-level metrics (not accessible via GUI)

Before a metric becomes available for operational use in EVS (and, therefore,
accessible via the GUI), it may be trialed. These research metrics are accessible
only via additional commands in the EVS project file. They cannot be accessed via
the GUI, although the results for these metrics will be appended to the list of metrics
in the Output dialog.

Currently, there are two additional metrics available for research purposes. Both are
variants of the Modified box plot (see above). By default, the Modified box plots in
EVS are computed for forecasts that are pooled by forecast lead time. Two non-
pooled versions of the modified box plots are available for research purposes. First,
it is possible to construct a modified box plot whereby each box represents a single
forecast (at a given lead time) ordered from the first forecast valid date. There will be
one box plot for each lead time. Secondly, it is possible to construct a modified box
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plot whereby each box represents a single forecast (at a given lead time) ordered by
the size of the observed value. These box plots are useful for identifying individual
blown forecasts. Examples are given below.

Modified box plots were derived from 6-hourly forecasts of temperature and
precipitation at Huntingdon, PA, USA. The temperature forecasts were evaluated at
lead day 1 for the period 12/1993-12/1998. The precipitation forecasts were
evaluated at lead day 1 for the period 08/2002-09/2005. The plots were generated for
deciles of the empirical pdfs, of which the middle 60 percent were shaded. Figure
A1_1 shows the temperature errors against forecast date, Fe(e) or Fgpr(elt), while
figure A1_2 shows precipitation errors against observed values, ordered by
increasing magnitude of precipitation and for positive observed precipitation only,
Fex(e[x) where x > 0. The boxes are averaged for duplicate values of x. These plots
reveal a range of conditional biases in the temperature and precipitation forecasts.
For example, the latter consistently under predict large observed events (Figure
A1_2). This is consistent with the calibration of meteorological models for 'average
conditions'.

Figure A1_1: Temperature forecast errors against forecast time at Huntingdon, PA
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Figure A1_2: Errors in forecast precipitation vs. observed value at Huntingdon, PA
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These plots are obtained by adding the following information to an existing EVS
project file under the metrics section of that file. This information must be added
under the metrics section of every Verification Unit for which the metrics are required.
The parameters have the same meaning as those for the default Modified box plot
(see table 2). See Appendix A2 for information about the structure of the project file.

The information to add for plots ordered by time and size of observation, respectively:

<metric>
<name>ModifiedBoxPlotUnpooledByLead</name>
<box unpooled lead points parameter>10</box unpooled lead points param
eter>
<forecast_type_parameter>regular</forecast_ type parameter>
<unconditional parameter>false</unconditional parameter>

</metric>

<metric>
<name>ModifiedBoxPlotUnpooledByLeadObs</name>
<box unpooled lead obs points parameter>10</box unpooled lead obs poi
nts_parameter>
<forecast_type_parameter>regular</forecast_ type parameter>
<unconditional parameter>false</unconditional parameter>

</metric>
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APPENDIX A2 INPUT AND OUTPUT DATA

Input Data

For each verification unit:

1. Observation file: 6-hr observed values in the datacard file with 1 value per line for
a specific time series ID. Any file name may be used, although EVS searches for
.OBS file extensions by default.

Examples of observed data files:

e precipitation: <time_series_id>.MAP06.0BS
o temperature: <time_series_id>.MAT.OBS
o streamflow: <segment_id>.<time_series_id>.QINE.06.0BS

2. Ensemble forecast files for a range of dates (referred as mm/dd/yyyy) for a
specific time series ID. Again, the file naming convention is unimportant.

Examples of forecast data files:

e precipitation: datacard file with 4 values per line called
<yyyymmdd><time_series_id>.MAPQ06

o temperature: datacard file with 4 values per line called
<yyyymmdd><time_series_id>.MAT

o streamflow: the CS file generated by ESP

3. Climatology file [optional]. Same format as the observed data file.

Output Data

EVS produces three types of file, namely: 1) project files, which store previously
defined VUs and AUs; 2) paired data files, which store the paired forecasts and
observations associated with a single VU; and 3) product files, such as the numerical
and graphics results associated with a particular verification metric.

Project files
Project files store all of the parameters required to close and restart EVS without loss

of information. A project file is produced or updated by clicking “Save” or “Save
as...” at any point during the operation of EVS. The data are stored in XML format
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and are, therefore, human readable, and may be produced separately from EVS (e.g.
for batch calculations in the future).

The XML contains the following tags, in hierarchical order:
Level 1 (top level):

<verification> //Top level tag
<verification_unit> //Tag for a single verification unit (see Level 2)
<aggregation_unit> //Tag for a single aggregation unit (see Level 3)

Level 2 (verification unit, VU):

<verification_unit>
<identifiers> //ldentifiers for the VU (see Level 2a)
<input_data> //Input data, including forecasts and observations (see Level 2b)
<verification_window> //Verification window (see Level 2c)
<output_data_location> //Path to output data folder
<paired_data_location> //Path to paired data file [only when defined]
<metrics> //Verification metrics selected (see Level 2d)

Level 2a (VU identifiers):

<identifiers> //Identifiers for the VU
<river_segment> //Identifier for the verification point (river segment)
<time_series> //ldentifier for the time-series
<environmental_variable> //Variable id (e.g. streamflow)
<additional_id> // Additional id (e.g. forecast_model 1) [only when defined]

Level 2b (VU input data sources):

<input_data> //Identifiers for the VU
<forecast_data_location> //Forecast data
<file> //Path to first file/folder (e.qg. first file in a file array or a folder)
<file> //Path to second file in a file array [only when defined]
<file> //Etc.

<observed_data_location> //Path to observed data file
<forecast_time_system> //Name of forecast time system
<observed_time_system> //Observed time system
<climatology_time_system> //Climatology time system [only when defined]
<forecast_support> //Scale of forecasts
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<statistic> //E.g. “instantaneous”
<period> //E.g. “1” [only when defined: blank when statistic = instantaneous]
<period_units> //E.g. “DAY” [only when defined: as above]
<attribute_units> //E.g. “cubic feet/second”
<notes> //Additional textual info. [only when defined]
<forecast_support> //Scale of observations [see forecast_support]
<climatology_support> //Scale of climatological obs. [see forecast_support]

Level 2c (verification window for a given VU):

<verification_window> //Window parameters

<start_date> //Start date (in forecast time system)

<year> //Start year

<month> //Start month of year

<day> //Start day of month
<end_date> //See start date
<forecast_lead_period> //Maximum forecast lead period considered
<forecast_lead_units> //Units for the maximum lead period
<aggregation_lead_period> //Average X consec. leads U [only when defined]
<aggregation_lead_units> //Period units for averaging (U) [only when defined]
<date_conditions> //Date conditions (see Level 2c¢_1) [only when defined]
<value_conditions> //Value conditions (see Level 2¢_2) [only when defined]

Level 2¢c_1 (date conditions on the verification window) [only when defined]:

<date_conditions> //Date conditions
<exclude_years> //Integer years to exclude from the overall range
<exclude_months> //Integer months to exclude from the overall range
<exclude_weeks> //Integer weeks to exclude from the overall range
<exclude_days_of week> //Integer days to exclude from the overall range

Level 2¢c_2 (value conditions on the verification window) [only when defined]:

<value_conditions> //Value conditions.
<condition> //First of n possible conditions
<unit_id> //Identifier of the VU on which the condition is built
<forecast_type> //True for forecasts, false for observed values
<statistic> //Name of statistic, e.g. mean
<consecutive_period> //Moving window size [only when defined]
<consecutive_period_units> //Moving window time units [only when defined]
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<logical_conditions> //Set of n possible logical arguments
<function> //First logical argument
<name> //Unary function name, e.g. isLessThan (<)
<value> //Unary function threshold, e.g. 0.5 means “< 0.5”

Level 2d (verification metrics for a given VU):
<metrics> //Set of n possible metrics to compute
<metric> //First of n metrics
<name> //Name of metric
Storage of parameters follows: varies by metric
Level 3 (aggregation unit, AU) [only when defined]:
<aggregation_unit> //Aggregation unit
<name> //The aggregation unit name
<unit_id> //First of n possible VU identifiers associated with the aggregation unit

<output_data_location> //Path to where output data should be written for the AU

Paired data files

A paired data file stores the pairs of forecasts and observations for a single VU in
XML format. The file name corresponds to the VU identifier with a pairs.xml
extension.

Each pair comprises one or more forecasts and one observation, and is stored under
a <pr> tag. Each pair has a readable date in Coordinated Universal Time (UTC or
GMT), a lead time in hours (<1d_h>), an observation (<ob>), one or more forecast
values (<fc>), and an internal time in hours (<in_h>) used by EVS to read the pairs
(in preference to the UTC date). The internal time is incremented in hours from the
forecast start time (represented in internal hours) to the end of the forecast lead
period. When multiple forecasts are present, each forecast represents an ensemble
member, and each ensemble member is listed in trace-order, from the first trace to
the last. An example of the first few lines of a paired file is given below:

<pr>  [//First pair
<dt> //Date tag
<y>2005</y> [lYear
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<m>11</m> //Month

<d>31</d> [//Day

<h>18</h> [/Hour
</dt> [/End of date tag

<ld h>6.0</1d h>
<ob>150.625</0ob>

/ILead time in hours
//Observed value

<fc> //Forecast values: in this case 49 ensemble members
157.31567,157.31598,157.31627,157.3342,157.3148,
157.31598,157.31509,157.31509,157.31572,157.31567,
157.31538,157.31598,157.31598,157.3148,157.31627,
157.31393,157.31567,157.31598,157.31595,
157.31627,157.32852,157.31569,157.3148,157.34517,
157.34586,157.34148,157.31664,157.31538,
157.31509,157.31644,157.31509,157.31567,
157.31639,157.31598,157.31598,157.31627,
157.31598,157.31567,157.3161,157.31538,157.34439,
157.3148,157.31627,157.3148,157.31598,157.31598,
157.31657,157.3156,157.31567

</fc>

<in h>315570</in_h> //Internal hour incremented from start time

</pr>  [IEnd of first pair tag

Product files

Product files include the numerical and graphical results associated with verification
metrics.

Currently, the graphical files are written in one of two formats, namely the Joint
Photographic Experts Group format (. jpeg extension) and the Portable Network
Graphic format (. png extension).

Numerical results are written in XML format. One file is written for each metric. The
file name comprises the unique identifier of the VU or AU, together with the metric
name (e.g. Aggregation unit 1.Modified box plot.xml). Some metrics
such as reliability diagrams, have results for specific thresholds (e.g. probability
thresholds). In that case, the results are stored by lead period and then by threshold
value. The actual data associated with a result always appears within a 'values' tag.
A metric result that comprises a single value will appear as a single value in this tag.
A metric result that comprises a 1D matrix will appear as a row of values separated
by commas in the input order. A metric result that comprises a 2D matrix will appear
as a sequence of rows, each with a <values> tag, which are written in the input order.
For example, a diagram metric with an x and y axis will comprise two rows of data
(i.e. two rows within two separate <values> tags). The default input order would be
data for the x axis followed by data for the y axis. Data that refer to cumulative
probabilities are, by default, always defined in increasing size of probability. If
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available, sample counts are given in the last <values> tag. Sample counts are also
printed out in a separate XML file for each threshold used in the ROC, Reliability and
Brier Score metrics (thresholds are compulsory for these metrics). This information
is written to a file with the VU identifier, metric name and a sample counts.xml
extension.

An example of the first few lines of a numerical result file for one metric, namely the
‘modified box plot’, is given below:

<meta data>  //Tag for metadata on the results

/INext tag indicates that results are not available for separate
thresholds of the observed distribution

<thresholds type>false</thresholds type>
<originalileeiid>Aggregation7unit:1.Modifiedﬁboxipl
ot.xml</original file id > //Original file
</meta_data> //End of metadata
<result> [[First of n possible results
<lead hour>6</lead hour>  //Result applies to lead hour 6
<data> //Start of data
<values>0.0,0.1,..</values> [/Probs. drawn in box diagram
<values>-1102,-233.5,..</values> [//Real values of probs.

</data> [//End of data
</result> [/End of first result
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